Toll-like receptor 3 (TLR3) is a sensor of endogenous cell necrosis during the process of acute inflammation. Interleukin (IL)-1 receptor antagonist (IL-1Ra) is an anti-inflammatory cytokine and can negatively regulate the pathogenesis of inflammation. However, whether and how activation of TLR3 can regulate IL-1Ra expression has not been clarified. Here, we show that poly(I:C) induces IL-1Ra expression in primarily cultured human fibroblast-like synoviocytes and other types of cells. Induction of IL-1Ra by poly(I:C) was dependent on TLR3, but was independent of melanoma differentiationassociated protein 5 or retinoic acid-inducible gene I. Interferon regulatory factor 3 (IRF3) directly binds to the IL-1Ra promoter and promotes IL-1Ra expression in response to poly(I:C) stimulation. Induction of IL-1Ra by poly(I:C) was abolished by the inhibition of the NF-κB signaling, attenuated by the inhibition of the PI3K-Akt signaling, enhanced by inhibition of the ERK1/2 or MSK1/2 activation, but was independent of the p38 MAPK signaling. Treatment with poly(I:C) or Sendai virus elevated the levels of serum IL-1Ra in wildtype, but not in TLR3 -/or IRF3 -/mice. Our findings may provide new insights into the intrinsic anti-inflammatory function of TLR3 and double-stranded RNA-induced IL-Ra expression by TLR3 and its regulation.
Introduction
Toll-like receptor 3 (TLR3) is a member of the TLR family, and is expressed onto the membranes of endosomes. TLR3 can recognize double-stranded RNA (ds-RNA), the major component in many viruses, and plays a pivotal role in innate immune responses during virus infection [1, 2] , although melanoma differentiation-asso- ciated protein 5 (MDA5) and retinoic acid-inducible gene I (RIG-I) are required for antiviral response by recognized intracytoplasmic dsRNA [3] [4] [5] . Recent studies reveal the detrimental contribution of TLR3 in viral pathogenesis [6] , indicating that the function of TLR3 may not limit in anti-virus. TLR3 can also recognize endogenous RNA released from necrotic cells or damage tissues and initiate inflammatory responses [7] [8] [9] [10] . Activation of TLR3 induces production of proinflammatory cytokines [1, 11] , which is associated with the development and progression of autoimmune disease, such as rheumatoid arthritis (RA) [7] . However, activation of TLR3 can protect against cardiovascular diseases by inducing anti-inflammatory interleukin (IL)-10 production [12] , which in turn activates the STAT3 to protect against oxidative stress [13] [14] [15] . In contrast, another study reported that TLR3 activation protected against acute colitis, independent of IL-10 [16] . Hence, the potential mechanisms underlying the biological function of TLR3 activation in regulating inflammation have not been clarified.
IL-1 is an important proinflammatory cytokine and is crucial for responding to infection [17] . IL-1 receptor antagonist (IL-1Ra) is a member of the IL-1 family, and can bind to the IL-1 receptor to block the IL-1R-related signaling [18] . The balance of IL-1 and IL-1Ra is crucial for regulating the pathogenesis of autoimmune diseases [18, 19] . Indeed, the IL-1α transgenic mice spontaneously develop symptoms similar to arthritis [20] and IL-1β -/mice are less susceptible to collagen-induced arthritis [21] . In contrast, the IL-1Ra -/mice are especially susceptible to develop RA [22, 23] . More importantly, individuals with deficiency of the IL-1Ra develop chronic recurrent multifocal osteomyelitis and their symptoms include synovitis, acne, pustulosis, hyperostosis and osteitis [24, 25] . Treatment with recombinant human IL-1Ra (anakinra) benefits patients with arthritis [26] , particularly for those with systemic-onset juvenile idiopathic arthritis. Previous studies have shown that treatment with lipopolysaccharides (LPS), IFN-β, or leptin can induce IL-1Ra expression in different types of cells [27] [28] [29] . However, whether activation of TLR3 by dsRNA can induce IL-1Ra expression and its mechanisms have not been explored.
Engagement of TLR3 by its ligand can activate the TRIF-dependent signaling by recruiting TRAF3 that activates the kinases TBK1 and IKKi to phosphorylate and activate interferon regulatory factor 3 (IRF3), leading to type I IFN production [30] . Simultaneously, the TRIFdependent signaling can also activate TRAF6 that activates TAK1 in complex with TAB2 and TAB3, leading to activation of the NF-κB and MAPK signaling [31, 32] . The signal networks can crosstalk with the PI3K/Akt, ERK, MSK, and P38 MAPK signaling [1, 2, 11] . Previous studies have shown that TLR4 activation-related IRF3 and PI3K/Akt signaling are crucial for IL-1Ra expression in microglia [33] . However, it is still unclear whether TLR3-related signaling regulates the TLR3 activation-related IL-1Ra expression in primarily cultured human and mouse fibroblast-like synoviocytes (FLS).
In the present study, we found that IL-1Ra was induced by poly(I:C) in primarily cultured human FLS, articular chondrocytes (AC), nucleus pulposus cells (NPC), and mouse FLS, peritoneal macrophages (PM), and dendritic cells (DC). Induction of IL-1Ra by poly(I:C) was dependent on TLR3 activation, but was independent of MDA5 or RIG-I. Activation of TLR3-related signaling directly induced IL-1Ra mRNA transcription, independent of poly(I:C)-induced IFN-β and proinflammatory cytokines. The potential regulatory signaling of poly(I:C) treatment to activate TLR3 on IL-1Ra expression was further investigated in vitro cellular and in vivo animal models. Our results indicate the intrinsic anti-inflammatory function of TLR3 and its regulatory signaling pathway.
Materials and Methods
Mice TLR3 -/-C57BL/6J mice were obtained from Huaxi Laboratory Animal Center of Sichuan University (Chengdu, China). IRF-3 -/-C57BL/6J mice were purchased from the RIKEN BioResource Center (RBRC00858) through the Model Animal Research Center of Nanjing University (Nanjing, China). Mice were housed in a specific pathogen-free facility with free-access to normal chaw and water. All animal experiments were approved by the Animal Ethics Committee of Chengdu Medical College.
Primary Cell Culture
The synovial, cartilage, and skin tissues were obtained from patients with RA, avascular necrosis of the femoral head or a bone fracture during the surgical knee replacement. Nucleus pulposus tissues were obtained from patients with the intervertebral disc degeneration during the surgery. The fresh synovial tissues were minced and digested with 0.5 mg/mL collagenase VIII (Sigma-Aldrich, St. Louis, MO, USA) at 37 ° C for 2 h. The cartilage tissues were first digested with 10 mg/mL protease (Sigma-Aldrich) at 37 ° C for 1 h and then digested with 3.5 mg/mL collagenase II (Worthington, NJ, USA) at 37 ° C for 4 h. The skin tissues were digested with dispase II (Roche Applied Science, Indianapolis, IN, USA) at 4 ° C for 10 h. Subsequently, the epidermis layer of the skin was removed, and the dermis layer was digested with 1 mg/mL collagenase IV (Invitrogen, Carlsbad, CA, USA) at 37 ° C for 2 h. The nucleus pulposus tissues were digested with collagenase II at 37 ° C for 4 h.
After digestion, FLS [34] , AC [35] , dermal fibroblasts (DF) [36] , and NPC [37] in the digested tissues were isolated and cul-tured in DMEM (Invitrogen) supplemented with 10% FBS (Invi-voGen, San Diego, CA, USA) as previously described. Human bone marrow mesenchymal stem cells (BMSC) were generated from marrow aspirates, as described previously [38] . Human T  cells and B cells were isolated from human peripheral blood mononuclear cells by negative selection using the Pan T cell Isolation Kit  II Human or the B cell Isolation Kit II Human (Miltenyi Biotec, Bergisch Gladbach, Germany), as previously described [39] . Mouse FLS were derived from the ankle joints of C57BL/6J mice at 10-12 weeks old. The isolated primary FLS cells were passaged several times before use, displayed typical FLS morphology, and were positive for VCAM-1 expression [40] . The DC from C57BL/6J mice at 6-8 weeks of age were generated from BM progenitors as described previously [41] . Mouse PM was collected from female C57BL/6J mice by peritoneal lavage with ice-cold PBS.
Treatment FLS were stimulated in triplicate with a TLR3 agonist, poly(I:C)-HMW 20 μg/mL (InvivoGen) for 1, 3, 8, 24, 48, 72, or 96 h and other types of cells were treated in triplicate with poly(I:C) for 24 h. The different types of cells were treated in triplicate with a TLR1/2 agonist Pam3CSK4 (300 ng/mL), TLR2 agonist HKSA/ HKLM (1 × 10 8 cells/mL), TLR4 agonist LPS (10 μg/mL), TLR5 agonist FLA-ST (1 μg/mL) and TLR6/2 agonist Pam2CSK4 (100 ng/mL, all from InvivoGen) for 24 h.
In addition, some cells were pre-treated in triplicate with hydroxychloroquine sulfate (10 μg/mL, a TLR3 antagonist, Sigma-Aldrich), cycloheximide (10 μg/mL, Sigma-Aldrich), BX795 (1 μM, an inhibitor of TBK1 and IKKε, Sigma-Aldrich), BMS-345541 (10 μM, an inhibitor of IκB, Sigma-Aldrich), SB415286 (25 μM, an inhibitor of GSK-3, Sigma-Aldrich), SB203580 (5 μM, an inhibitor of the p38 MAPK, Sigma-Aldrich), PD184352 (2 μM, an inhibitor of the MEK, Sigma-Aldrich), LY294002 (25 μM, an inhibitor of PI3K, Promega, Madison, WI, USA), or SB747651A (10 μM, an inhibitor of the MSK, R&D, Abington, UK) for 1 h and stimulated with poly(I:C; 20 μg/mL) for 8 h or 24 h.
Small Interfering RNA Transfection
Human FLS were cultured in 6-well plates and when the cells reached at 80% of confluency, the cells were transfected in duplicate with individual types of siRNAs (25 pmol) for 48 h using lipofectamine RNAiMAX Reagent (Invitrogen), according to the manufacturers' instruction. The transfected siRNAs included siRNA specific for MDA5, also known as interferon induced with helicase C domain 1 (M-013041-00-0005), for RIG-I/ROBO3 (M-026504-00-0005), for TLR3 (M-007745-00-0005) and for IRF3 (M-006875-02-0005, siGENOME SMART pools; Dharmacon, Lafayette, CO, USA).
Quantitative Real-Time PCR
Total RNA was extracted from individual cell samples using the TRIZOL Reagent and reversely transcribed in cDNA using the PrimeScriptTM RT reagent Kit (TaKaRa, Dalian, China). The relative levels of target gene mRNA transcripts to the control 18S rRNA and GAPDH were determined by quantitative real-time PCR using the FastStart Universal Probe Master (ROX) mix (Roche Applied Science), specific primers and the Universal Probe Library (UPL) Set in LightCycler System (Roche Applied Science). The PCR reactions were performed in duplicate at 95 ° C for 15 s and subjected to 40 cycles of 95 ° C for 15 s and 60 ° C for 1 min.
The sequences of primers were: human IL-1Ra forward: CCC-ATGGCTTTAGCTGACTT, reverse: TCAGCATTGTCTTCACC-TTCTC, probe: UPL 10; human IFN-β forward: CGACACTGTT CGTGTTGCTCA, reverse: GAAGCACAACAGGAGAGCAA, probe: UPL 25; human IRF3 forward: AAGGAAGGAGGCGT-GTTTG, reverse: TTCCTTCCGTGAAGGTAATCA, probe: UPL 57; human TLR3 forward: AGAGTTGTCATCGAATCAAATTA-AAG, reverse: AATCTTCCAATTGCGTGAAAA, probe: UPL 80; human MDA-5 forward: CTCAGGCCTTACCAAATGGA, reverse: CCTGTAGGGAGGCAGATGAT, probe: UPL 20; human RIG-I forward: CTCTTGGGCTTCAACTCCTC, reverse: CTA-CCCTTGACCCGTTGAGA, probe: UPL 16; mouse TLR3 forward: GATACAGGGATTGCACCCATA, reverse: TCCCCC-AAAGGAGTACATTAGA, probe: UPL 26; mouse IRF3 forward: ATGGCTGACTTTGGCATCTT, reverse: CGTCCGGCTTATC-CTTCC, probe: UPL 29. The data were normalized to 18S rRNA and GAPDH and analyzed by 2 -ΔΔCt .
Enzyme-Linked Immunosorbent Assays
The cell cultural supernatants were collected and the levels of human IL-1Ra, IFN-β, IL-6, and IL-10, and mouse IL-1Ra and IFN-β were measured by ELISA using specific kits (eBioscience, San Diego, CA, USA), in accordance with the standard curves established using recombinant cytokines provided.
Immunoblotting
The cells were lyzed in lysis buffer (Millipore, Bedford, MA, USA) and centrifuged. The cell lysates (20 µg/lane) were separated SDS-polyacrylamide gel electrophoresis on 10% gels and transferred onto polyvinylidene difluoride membranes (Millipore). The membranes were blocked with 5% BSA and were probed overnight at 4 ° C with antibodies against IL-1Ra, IκBα, p-IκBα, Akt, p-Akt, GSK3β, p-GSK3β, ERK1/2, p-ERK1/2, CREB, p-CREB, p38 AMPK, p-p38 MAPK, or GAPDH (Cell Signaling Technology, Beverly, MA, USA). After being washed, the bound antibodies were detected with horseradish peroxidase-conjugated second antibodies (Santa Cruz Biotech, Santa Cruz, CA, USA) and visualized using the enhanced chemiluminescence reagents (Millipore). The relative levels of target protein to the control GAPDH were analyzed by densitometric scanning using the ImageJ software.
Chromatin Immunoprecipitation Assay
The ChIP assay was performed using the ChIP Assay Kit (Beyotime, China) following the manufacturer's guidelines. Poly(I:C)treated cells were cross-linked with 1% formaldehyde solution for 10 min at room temperature and quenched with 125 mM glycine. DNA fragments ranging from 200 to 500 bp were obtained by ultrasonication. Then the lysate was immunoprecipitated with anti-IRF3 or IgG antibodies. Immunoprecipitated DNAs were analyzed by PCR. The size and purity of the PCR products were checked by analyzing the products with gel electrophoresis in 2% agarose gel. The sequences of primers that IRF3 binds to IL-1Ra: forward: CATTATTCTGCTTACCACAGGGGACC, reverse: AGTTCT-GCCCTTTTTCTAACCCCAC.
IL-1Ra Detection in vivo
Wild-type, TLR3 -/and IRF3 -/mice were treated intraperitoneally with poly(I:C; 10 mg/kg in sterile endotoxin-free physiological saline) or Sendai virus (100 HA units/mL) for 24 h. Sendai virus (ATCCVR-105) was obtained from the American Type Cul- ture Collection (Rockville, MD, USA). Their blood samples were collected and the levels of serum IL-1Ra in individual mice were determined by ELISA.
Statistical Analysis
Data are expressed as mean ± SEM. The difference among groups was determined by one-way analysis of variance and post hoc Dunnett comparisons using the SPSS software. A p value of < 0.05 was considered statistically significant.
Results

Poly(I:C) Induces IL-1Ra Expression in Several Types of Cells
Since TLR7, 8, and 9 are not expressed in FLS [7] , the effect of TLR1-6 activation on IL-1Ra expression was tested in human FLS by ELISA. As shown in Figure 1a , high levels of IL-1Ra were detected in the FLS that had been treated with poly(I:C), a TLR3 agonist, and much lower levels of it in the LPS-treated cells. However, no detectable IL-1Ra was detected in the cells that had been treated with agonists for TLR1, 2, 5, and 6. Furthermore, treatment with different doses of poly(I:C) or LPS stimulated IL-1Ra expression in a dose-dependent manner and the levels of IL-1Ra stimulated by poly(I:C) were severalfold higher than that by LPS ( Fig. 1b ). In addition, treatment with poly(I:C) stimulated high levels of IL-1Ra in the primarily cultured FLS from 12 patients with different types of diseases as well as in MH7A cells ( Fig. 1c, d ). Quantitative RT-PCR indicated that IL-1Ra mRNA transcripts were detected at 8 h and peaked at 48 h post stimulation, and then decreased gradually (Fig. 1e ). The IL-1Ra protein levels were detected at 24 h and then increased gradually up to 96 h after stimulation ( Fig. 1f) .
Given that TLR3 is expressed by various types of cells, such as DC, macrophages, fibroblasts, epithelial cells, and neurons [1] , we further tested the effect of poly(I:C) treatment on IL-1Ra expression by ELISA. We found that treatment with poly(I:C) induced IL-1Ra expression in FLS, some types of immune cells and non-immune cells, including AC, NPC, PM, and DC, but not in T cells, B cells, DF, BMSC, WI-38, MRC-5, NCI-H358, NCI-H460, SH-SY5Y, and BV2 ( Fig. 1d ). Moreover, following poly(I:C) stimulation, IL-1Ra was detected by Western blot in human FLS (Fig. 1g ). However, we found that treatment with poly(I:C) stimulated high levels of IL-1Ra, but not IL-10 in human FLS (Fig. 1h ). Collectively, activation of TLR3 by poly(I:C) stimulated IL-1Ra expression in several types of cells.
Induction of IL-1Ra by Poly(I:C) Is Dependent on TLR3 Activation
MDA5 and RIG-I also recognized dsRNA. To determine IL-1Ra induction by poly(I:C) was dependent on activation of TLR3 but not MDA5 and RIG-I, primarily cultured human FLS were pre-treated with the specific siRNA of TLR3, MDA5 or RIG-I for 48 h, and stimulated with or without poly(I:C) for 24 h. Our result showed, knockdown of TLR3, MDA5, or RIG-I significantly reduced the levels of TLR3, MDA5, or RIG-I expression ( Fig. 2a-c) . It was interesting that knockdown of TLR3 significantly mitigated poly(I:C)-stimulated IL-1Ra expression ( Fig. 2d ), but knockdown of MDA5 or RIG-I failed to modulate poly(I:C)-stimulated IL-1Ra expres- Human FLS (10 5 cells/mL) were stimulated with the indicated TLR agonists, including Pam3CSK4, HKSA/HKLM, poly(I:C), LPS, FLA-ST, or Pam2CSK4 for 24 h (a). Human FLS were stimulated by poly(I:C; 100, 25, 6.3 μg/mL) or LPS (100, 25, 6.3 μg/mL) for 24 h (b). Human FLS from 12 individuals with RA, femoral head necrosis or fracture were stimulated by poly(I:C) for 24 h (c). Human FLS (10 5 cells/mL), MH7A (10 5 cells/mL), AC (5 × 10 5 cells/mL), NPC (2 × 10 5 cells/mL), T cells (10 6 cells/mL), B cells (10 6 cells/ mL), DF (5 × 10 4 cells/mL), BMSC (5 × 10 4 cells/mL), WI-38 cells (10 5 cells/mL), MRC-5 cells (2.5 × 10 5 cells/mL), NCI-H358 cells (4 × 10 5 cells/mL), NCI-H460 cells (4 × 10 5 cells/mL) and SH-SY5Y cells (5 × 10 5 cells/mL), and mouse FLS (10 5 cells/mL), PM (5 × 10 5 cells/mL), DC (5 × 10 5 cells/mL) and BV2 (5 × 10 5 cells/mL) were stimulated by poly(I:C) for 24 h (d). Human FLS were stimulated by poly(I:C) for 3, 8, 24, 48, 72 or 96 h. The cells were harvested and the levels of IL-1Ra mRNA expression were measured by quantitative real-time PCR (e). Upregulation of IL-1Ra expression is compared with unstimulated cultures. The concentrations of IL-1Ra in the culture supernatants were measured by ELISA (f). The cells were harvested and the relative levels of cytoplasmic IL-1Ra expression were assessed by Western blot (g). Human FLS were stimulated by poly(I:C) for 24 h (h). The cells were harvested and the levels of IL-1Ra and IL-10 mRNA expression were measured by quantitative real-time PCR. Upregulation of IL-1Ra and IL-10 expression is compared with unstimulated cultures. The concentrations of IL-1Ra and IL-10 in the culture supernatants were measured by ELISA. Results are presented as mean ± SEM (n = 5 per group in a, b, d-f, n = 12 per group in c) from 3 separate experiments. * p < 0.05 versus the group without poly(I:C). IL, interleukin; IL-1Ra, IL-1 receptor antagonist; LPS, lipopolysaccharides; AC, articular chondrocytes; NPC, nucleus pulposus cells; PM, peritoneal macrophages; DC, dendritic cells; FLS, fibroblast-like synoviocytes; DF, dermal fibroblasts; BMSC, bone marrow mesenchymal stem cells.
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The Intrinsic Anti-Inflammatory Function of TLR3 5 J Innate Immun DOI: 10.1159/000504321 sion ( Fig. 2e, f ). In addition, the primarily cultured FLS from wild-type and TLR3 -/mice ( Fig. 2g ) were stimulated with or without poly(I:C) for 24 h. While poly(I:C) effectively stimulated IL-1Ra expression in FLS from wild-type mice, the same stimulation failed to enhance IL-1Ra expression in FLS from TLR3 -/mice ( Fig. 2h ). These independent lines of evidence demonstrated that induction of IL-1Ra expression by poly(I:C) was dependent on activation of TLR3-related signaling in FLS.
Induction of IL-1Ra by Poly(I:C)-Mediated TLR3 Activation Is Independent of IFN-β and Proinflammatory Cytokines
Previous studies have shown that activation of TLR3 by poly(I:C) can induce IFN-β and proinflammatory cytokines [42] . Accordingly, we determined the role of these cytokines on IL-1Ra expression induced by poly(I:C). First, the dynamics of IFN-β and IL-1Ra mRNA transcription in the poly(I:C)-treated FLS were determined (Fig. 3b) , indicated that induction of IL-1Ra expression by TLR3 activation was independent of IFN-β. To determine the role of proinflammatory cytokines on IL-1Ra induced by poly(I:C), FLS cells were treated with poly(I:C) in the presence or absence of cycloheximide, an inhibitor of protein synthesis [27] . We found that treatment with cycloheximide completely blocked the poly(I:C)-induced protein level of cytokine, including IFN-β, IL-6, and IL-1Ra protein ( Fig. 3c-e ), but did not reduce poly(I:C)-stimulated IL-1Ra mRNA transcription ( Fig. 3f ). It is interesting IL-1Ra mRNA transcription was significantly increased after cycloheximide treatment. Thus, induction of IL-1Ra expression by TLR3 activation was independent of poly(I:C)-induced IFN-β and proinflammatory cytokines in FLS. Induction of IL-1Ra by TLR3 Activation Is Dependent on Activation of IRF3 Engagement of TLR3 by poly(I:C) can initiate the TRIF-dependent signaling by recruiting TRAF3 to activate TBK1 and IKKε, leading to activation of IRF3 [30] . To examine the role of TRIF-dependent signaling in poly(I:C)-induced IL-1Ra expression, primarily cultured human FLS were pre-treated with, or without BX795 (an inhibitor of TBK1 and IKKε) and stimulated with poly(I:C). We found that BX795 treatment completely abrogated the poly(I:C)-induced IFN-β and IL-1Ra expression ( Fig. 4a, b ), suggesting that the TLR3-mediated TRIF/TRAF3/TBK1/IKKε-dependent IRF3 activation may be crucial for poly(I:C)-induced IL-1Ra expression in FLS. Indeed, knockdown of IRF3 by its specific siRNA significantly mitigated IRF3 expression ( Fig. 4c ) and the poly(I:C)-induced IFN-β and IL-1Ra expression ( Fig. 4d,  e ). Furthermore, the primarily cultured FLS from wildtype and IRF3 -/mice ( Fig. 4f) were stimulated with or without poly(I:C) for 24 h. While poly(I:C) effectively stimulated IL-1Ra expression in FLS from wild-type mice, the same stimulation failed to stimulate IFN-β and IL-1Ra expression in FLS from IRF3 -/mice (Fig. 4g, h) . ChIP assay showed that IRF3 bound to the IL-1Ra promoter ( Fig. 4i, j) , and this binding was enhanced by treating cells with poly(I:C). Sequencing analysis of the IL-1Ra promoter revealed putative IRF3-binding sites in the 5′ untranslated region (Fig. 4k ) of the IL-1Ra gene. These data suggested that IRF3 directly binds to the IL-1Ra promoter and promotes IL-1Ra expression in response to TLR3 activation. Similarly, pre-treatment with BX795 also abolished the poly(I:C)-induced IL-1Ra in primarily cultured human AC and NPC, and mouse PM and DC in vitro ( Fig. 4l ). Therefore, induction of IL-1Ra by poly(I:C) appeared to depend on TLR3-mediated TRIF/TRAF3/ TBK1/Iκκε-dependent IRF3 activation in several types of cells.
Induction of IL-1Ra by TLR3 Activation Is Dependent on the NF-κB and PI3K-Akt Signaling and Negatively Regulated by the ERK-MSK Signaling
To examine the influence of other signaling on the poly(I:C)-induced IL-1Ra, primarily cultured human FLS were pre-treated with BMS-345541 (an inhibitor of IκB), LY294002 (an inhibitor of PI3K), SB415286 (an inhibitor of GSK-3), PD184352 (an inhibitor of the MEK), SB747651A (an inhibitor of the MSK) and stimulated with poly(I:C). We found that BMS-345541, LY294002 or SB415286 attenuated the poly(I:C)-induced NF-κB activation (Fig. 5a ), Akt (Fig. 5f ) or GSK-3β ( Fig. 5k) phosphorylation, but did not affect viability of FLS in vitro ( Fig. 5b, g, l) . More importantly, the blocking of NF-κB signaling almost completely abolished poly(I:C)-stimulated IL-1Ra, IFN-β, and IL-6 expression ( Fig. 5c-e ). However, the blocking of PI3K-Akt signaling only significantly mitigated the poly(I:C)-stimulated IL-1Ra and IFN-β, but not IL-6 ( Fig. 5h-j, m-o) .
Further analysis indicated that PD184352 or SB747651A blocked the activation of ERK1/2 or MSK1/2 (Fig. 6a, k) , but did not affect viability of FLS in vitro (Fig. 6b, l) . It is interesting to note that the blocking of ERK1/2 activation significantly increased the poly(I:C)-stimulated IL-1Ra and IFN-β expression, but did not change the level of IL-6 ( Fig. 6c-e ). A similar pattern of IL-1Ra, IFN-β, and IL-6 was detected in the MSK1/2 silencing cells. Knockdown of MSK1 and MSK2 by specific siRNA significantly mitigated MSK1 and MSK2 expression ( Fig. 6f, g) , but increased the poly(I:C)-induced IFN-β and IL-1Ra expression and did not affect IL-6 level ( Fig. 6h-j) . However, the blocking of MSK1/2 activation by SB747651A did not affect the poly(I:C)-stimulated IL-1Ra, IFN-β, and IL-6 ( Fig. 6m-Fig. 4 . IL-1Ra induced by TLR3 activation was dependent on activation of IRF3. Human FLS were pre-treated with BX795 (1 μM) and then stimulated by poly(I:C) for 8 or 24 h. The concentrations of IFN-β (a) and IL-1Ra (b) in the supernatants of cultured cells were determined with ELISA. Human FLS were treated with si-RNA IRF3 or siRNA NC for 48 h. The cells were harvested and the levels of human IRF3 mRNA expression were measured by realtime PCR (c). Downregulation of human IRF3 expression is compared with siRNA NC group. Human FLS were pre-treated with siRNA IRF3 or siRNA NC for 48 h and then stimulated by poly(I:C) for 8 or 24 h. The concentrations of IFN-β (d) and IL-1Ra (e) in the supernatants of cultured cells were determined with ELISA. WT (350 bp) and IRF3 -/-(450 bp) mice were identified by PCR (f). FLS from WT or IRF3 -/mice were stimulated by poly(I:C) for 8 or 24 h. The concentrations of IFN-β (g) and IL-1Ra (h) in the su-pernatants of cultured cells were determined with ELISA. Human FLS were treated with poly(I:C) for 24 h. ChIP assay showed that IRF3 bound to the IL-1Ra gene promoter. The binding was increased in poly(I:C)-treated FLS (i, j). Putative IRF3-binding sites upstream of the 5′ UTR of the IL-1Ra gene are shown in k. Human AC and NPC, mouse PM and DC were pre-treated with BX795 (1 μM) for 1 h and stimulated by poly(I:C) for 24 h. The concentrations of IL-1Ra in the supernatants of cultured cells were determined with ELISA (l). Results are presented as mean ± SEM (n = 5 per group) from 3 separate experiments. * p < 0.05 versus the group with poly(I:C) and vehicle. IL-1Ra, IL-1 receptor antagonist; TLR3, toll-like receptor 3; IRF3, interferon regulatory factor 3; AC, articular chondrocytes; NPC, nucleus pulposus cells; PM, peritoneal macrophages; DC, dendritic cells. The Intrinsic Anti-Inflammatory Function of TLR3 11 J Innate Immun DOI: 10.1159/000504321 o). Together, these results indicated that the induction of IL-1Ra expression by poly(I:C) was dependent on the NF-κB signaling and PI3K/Akt signaling, but negatively regulated by the ERK-MSKs signaling.
Induction of IL-6 but Not IL-1Ra by TLR3 Activation Is Regulated by the p38 MAPK Signaling
The p38 MAPK signaling was also activated by poly(I:C) through TLR3 activation. Our results showed that when pre-treated with SB203580, an inhibitor of p38 MAPK, attenuated the poly(I:C)-induced p38 MAPK activation ( Fig. 7a ), but did not affect viability of FLS in vitro (Fig. 7b ). The blocking of p38 MAPK signaling did not affect poly(I:C)-stimulated IL-1Ra and IFN-β expression, but significantly mitigated IL-6 expression ( Fig. 7c-e ), indicating that induction of IL-6 but not IL-1Ra and IFN-β expression by TLR3 activation is regulated by the p38 MAPK signaling.
IL-1Ra Induced by Poly(I:C) or Sendai Virus Was Dependent on TLR3 and IRF3 in vivo
To understand the importance of TLR3 and IRF3 in IL-1Ra expression in vivo, TLR3 -/-, IRF3 -/and wild-type C57BL/6 mice were treated intraperitoneally with poly(I:C) or Sendai virus. One day later, their blood samples were collected and the levels of serum IL-1Ra in individual mice were determined by ELISA. Treatment with poly(I:C) or Sendai virus significantly elevated the levels of serum IL-1Ra in the wild-type, but not in TLR3 -/and IRF3 -/mice ( Fig. 8) . Therefore, induction of IL-1Ra by poly(I:C) or Sendai virus is dependent on TLR3 and IRF3 in vivo.
Discussion
In this study, we found that IL-1Ra expression was induced by poly(I:C) through TLR3 activation in various types of cells, including FLS, AC, NPC, PM, and DC, but not in T cells, B cells, DF, BMSC, WI-38, MRC-5, NCI-H358, NCI-H460, SH-SY5Y, and BV2. Hence, TLR3 acti-vation by poly(I:C) induces IL-1Ra expression in several types of cells with different genetic backgrounds. Previous studies reveal that TLR3 can recognize dsRNA and plays an important role in innate immune responses during virus infection by [1, 2] . However, other studies reveal the detrimental contribution of TLR3 in viral pathogenesis [6] . TLR3 is localized in the endosomal membrane and recognizes extracellular dsRNA after endocytosis [43] . The intracellular distribution of TLR3 makes it disadvantaged to antivirus. Recent studies have showed that TLR3 can be activated by endogenous dsRNA, including natural dsRNAs [44] , and RNAs released from necrotic cells [7, 45] , damaged tissues [10] and small nuclear RNA [46] . Hence, TLR3 also acts as the sensor of tissue necrosis during the process of acute inflammation. Previous studies have reported MDA5 and RIG-I also recognize the intracytoplasmic viral dsRNA [3] [4] [5] . MDA5 -/and RIG-I -/mice are highly susceptible to infection with RNA viruses compared to control mice, implicating MDA5 and RIG-I are critical for host antiviral responses [47] . We found that induction of IL-1Ra expression by poly(I:C) was dependent on TLR3, but independent of MDA5 and RIG-I. Similarly, treatment with poly(I:C) also induced anti-inflammatory IL-27, IL-36Ra, and IL-37 and pre-treatment with TLR3 inhibitor of hydroxychloroquine completely abrogated the expression of anti-inflammatory cytokines induced by transfection dsRNA in FLS (data not shown). These data suggest that activation of TLR3 by endogenous dsRNA may be crucial for regulating inflammation, while the activation of MDA5/RIG-I by viral dsRNAs may predominantly mediate antiviral responses.
IL-1β and IFN-β can induce IL-1Ra production in human FLS [28] . However, we found the activation of TLR3 by poly(I:C) to induce IL-1Ra expression was independent of endogenous and exogenous IFN-β in FLS. Another study has showed that LPS-stimulated IL-1Ra mRNA transcription is blocked by cyclohexamide, the protein synthesis inhibitor, in macrophages [27] , indicating that LPS may induce IL-1Ra expression through the cytokines induced by the TLR4-related signaling. However, we found that IL-1Ra mRNA transcription induced by poly(I:C) was significantly enhanced by blockage of protein synthesis in FLS. Our data suggest that the activation of TLR3-related signaling to induce IL-1Ra mRNA transcription may be different from that of TLR4 activationinduced IL-1Ra expression. Although poly(I:C) treatment induced IFN-β and proinflammatory cytokines production in FLS, these cytokines may be inessential to enhance IL-1Ra expression following poly(I:C) stimulation in FLS. It has been reported that the activation of TLR3 can induce anti-inflammatory IL-10 [12] . However, TLR3 activation protects against DSS-induced acute colitis, independent of IL-10 [16] . In our experiment condition, we found that treatment with poly(I:C) stimulated high levels of IL-1Ra, but not IL-10 in human FLS, indicating that the protection of TLR3 activation might be dependent on IL-1Ra or IL-10 in different models.
The previous study showed that an addition of poly(I:C) to RL95-2 cells (an endometrial cell line) significantly increased the production of IL-1Ra [48] . TLR4 activation can activate the NF-κB, ERK-MSKs, and PI3K-Akt signaling to induce IL-1Ra expression through transcriptional factors of NF-κB, CREB and ATF1 [27, 49] . Leptin can through its receptor activate the NF-κB and ERK to induce IL-1Ra expression [50] . IL-10 through ac- tivating the STAT3 [51] and IL-4 through activating the STAT6 [52] induce IL-1Ra expression. Furthermore, activation of TLR3 by dsRNA can also activate transcriptional factors of IRFs, NF-κB, CREB, ATF1, and AP-1 [1, 2, 11] . However, IL-1Ra protein levels were 60 pg/mL in the control group (without poly[I:C] stimulation) and 140 pg/mL in the poly(I:C) stimulation group and activa-tion of MAPK was induced only by TLR 3 activation, not NF-κB in previous study [48] . IL-1Ra protein levels were 2 pg/ml in the control group (without poly[I:C] stimulation) and 8,000 pg/mL in poly(I:C) stimulation group in our study. We found that activation of TLR3 by poly(I:C) to induce IL-1Ra and IFN-β was dependent on the IRF3, NF-κB, and PI3K-Akt signaling, and negatively regulated Induction of IL-1Ra by dsRNA in FLS. The TLR3 is activated by extracellular virus-or host-derived structured RNA by endocytosis. The activated TLR3 recruits WDFY1 and TRIF, which further recruit TRAF3, PI3K, and TRAF6. The TRAF3 and PI3K activates transcription factor IRF3 while the TRAF6 activates the NF-κB, ERK-MSKs, p38 MAPK and JNK pathways though the TAK1 complex. IRF3 and NF-κB induce the expression of anti-proinflammatory cytokine IL-1Ra and type I IFN, while CREB and ATF1 negatively regulate the IL-1Ra and type I IFN production. Simultaneously, the NF-κB and AP-1 induce proinflammatory cytokine production. IL-1Ra, IL-1 receptor antagonist; TLR3, toll-like receptor 3; IRF3, interferon regulatory factor 3. J Innate Immun DOI: 10.1159/000504321 by the EMK-MSKs signaling, but was independent of the p38 MAPK signaling in FLS, different from previous studies. The downstream signaling of TLR3 activation is shown in Figure 9 . Indeed, the IL-1Ra promoter region contains binding sites for the NF-κB [53] and IRF3 (Fig. 4i, j) . Although binding sites for CREB and ATF1 do not exist in the IL-1Ra promoter, it is possible that the binding sites for CREB and ATF1 may be in the enhancer that separates from the promoter [27] . The AP-1 binding site exists in the promoters of proinflammatory cytokines. Therefore, our findings may provide new insights into regulation of anti-inflammatory IL-1Ra expression.
Currently, the recombinant IL-1Ra anakinra (Kineret, Amgen) has been used in the clinic and benefits patients with Still's disease, systemic-onset juvenile idiopathic arthritis, and several autoinflammatory disorders [54] . Given that IL-1Ra has a short half-life and new IL-1 antagonists are developing, new strategies to combine recombinant IL-1Ra and IL-1 antagonists may be valuable for intervention of inflammatory diseases. Actually, treatment with poly(I:C) induced sustained IL-1Ra expression in FLS, consistent with a previous report that treatment with poly(I:C) induces sustained levels of serum IL-1Ra in rhesus macaques [55] . Furthermore, pre-treatment with an inhibitor for the AP-1 effectively mitigated the poly(I:C)induced proinflammatory cytokine production, but did not affect anti-inflammatory cytokine in FLS. Because the balance of anti-inflammatory and proinflammatory cytokine responses is regulated precisely by different signal pathways, treatment with poly(I:C) to sustain high levels of serum IL-1Ra, together with an inhibitor of proinflammatory cytokine or its signaling, is reasonable strategies for treatment of inflammatory and autoimmune diseases.
When TLR3 is activated by virus dsRNA or endogenous dsRNA, activation of TLR3 induces anti-virus IFN-β and anti-inflammatory IL-1Ra. IFN-β mRNA transcripts were detected at 1 h and peaked at 3 h post stimulation, while IL-1Ra mRNA transcripts were detected at 8 h and peaked at 48 h post stimulation. Although the IFN-β expression was induced earlier than IL-1Ra, activation of TLR3 induced both IFN-β and IL-1Ra. We are interested in further testing how activation of TLR3 induces different dynamics of IFN-β and IL-1Ra expression.
In summary, our data indicated that dsRNA induced IL-1Ra expression in several types of cells by activating the TLR3-related TRIP signaling, but independent of MDA5/RIG-I. Induction of IL-1Ra by poly(I:C) was independent of poly(I:C)-induced IFN-β and proinflammatory cytokines. Activation of TLR3 by poly(I:C) induced IL-1Ra, which was dependent on the IRF3 and NF-κB signaling, and regulated by the PI3K/Akt, ERK, and MSK, but not the p38MAPK signaling. More importantly, treatment with poly(I:C) or Sendai virus elevated serum IL-1Ra levels in mice, dependent on TLR3 and IRF3. Therefore, our findings may provide new insights into the intrinsic anti-inflammatory function of TLR3 and dsRNA-induced IL-Ra expression by TLR3 activation and its regulation and aid in design of new therapies for intervention of inflammatory and autoimmune diseases.
